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Abstract 

We have searched for a light Standard Model Higgs boson produced in association with an Intermediate 

Vector Boson at the Fermilab Proton-Antiproton Collider operating at a center-of-mass energy of 1.8 

TeV. The search was made by looking for an excess of isolated high transverse momentum charged track 

pairs in W and Z events. A Higgs boson with a maas mH in the intervals 2rnp < mH < 818 MeV/c2, and 

846 MeV/c2c mH < 2mx is excluded at 90% C.L. 

PACS number 14.80X3 

We have searched for a light Standard Model Higgs boson [l] produced in 

association with an Intermediate Vector Boson (W or 2) at the Fermilab Tevatron proton- 

antiproton collider operating at a center-of-mass energy of 1.8 TeV. Results arc based on 

an analysis of 5422 W decay candidates and 480 2 decay candidates recorded with the CDF 

detector. The data were taken during the 1988-9 running period and correspond to an 

integrated luminosity of 4.4 pb-1. 

If the Higgs boson exists with a mass mn < 1 GeV/c2 the diagrams of Fig. 1 predict 

the radiation of a Higgs boson from about 1% of all hadronically produced W and Z 

bosons. If mH is between the tt+l.t- and p+p- decay thresholds (2% < mu < 2%) the Higgs 

boson is expected [2] to (i) have a lifetime < lo- 14 s (its decay products will therefore be 

associated to the primary vertex), and (ii) decay with a large branching fraction to a charged 

track pair (t~+p-, X+X-, or K+K-). We have therefore searched for a resonant enhancement 

amongst isolated high-transverse-momentum (pr) track pairs in W and Z events. 

A full description of the CDF detector can be found in ref. [3]. Event analysis is 

based on fine grained electromagnetic (EM) and hadronic calorimetry, and charged particle 
tracking. The calorimeters have full azimuthal angle (Q) coverage, extend down to 2” from 

the beam directions, and are segmented into about 5000 projective towers. Each tower is 

0.1 units of pseudorapidity (q) wide, and covers an azimuthal angular interval of 15” in the 

cenwl region (1111 < 1.1) and 5’ elsewhere. Muon detection is provided by drift chambers 

outside of the calorimeters in the central region (Iql < 0.63) and by large toroid systems in 

the forward region (2.0 < 1111~ 3.6). In many cases isolated high momentum muons can be 

identified in the intermediate angular range by a comparison of the tracking and calorimeter 
information. In the region lql < 1.7 the central tracking chamber (CTC) measures particle 

charge and pr by curvature in the 1.412T solenoidal magnetic field. The trajectory of a track 

emitted at large angle to the beam axis is measured at 84 points. 
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Events have been selected containing candidates for (ev) and (pv) decays of the W, 

and (e+e-) and @+I-) decays of the Z. A description of electron, muon, and neutrino 

triggering, selection and reconstruction in the CDF detector can be found in refs. [4-61. The 

presence of a high-p, neutrino in the CDF detector is inferred from a large transverse 

energy (ET) imbalance measured in the fine grained calorimeters. In events containing a 
high-k muon the muon pr has been included in the missing-E, (&) calculation. 

W decays have been selected by requiring the presence of a fi > 20 GeV together 

with either an isolated electron with b > 20 GeV or an isolated central muon (111 < 0.63) 

with pr > 20 GeV/c. The transverse mass [5] of the (ev) or (pv) system was required to be 

greater than 40 GeV/cZ. Background contributions from non-WiZ related processes (heavy 

flavor production and semileptonic decays, and jet fluctuations) have been estimated by 
studying the lepton isolation distributions for the W samples, and the J&disaibutions 

associated with the inclusive isolated lepton samples. The W data samples and estimated 

backgrounds are listed in Table 1. 

Z decays have been selected by requiring the presence of two isolated electrons or 
muons. Electrons with lBl< 1.1 were required to have Er > 20 GeV and electrons with lnl> 

1.1 were required to have Er > 15 GeV. At least one of the two electron candidates was 
required to have lql < 1.1. Muon candidates were required to have lql < 1.2 and pi > 20 

GeV/c. To remove cosmic rays, muon pairs were rejected if anti-collinear within Aq IO.1 

and A@ 2 1.5”. Events have been selected if the lepton pair mass was in the interval 65 < m 

< 120 GeV/c2. The estimated background in the Z event samples is 3 f 2%. The Z data 

samples are listed in Table 1. 

To search for isolated high-pr track-pairs in the event samples all CTC tracks have 
been considered with pr > 500 MeV/c, Iql < 1.2, and at least 45 hits on the reconstructed 

track. It was further required that, at the point of closest approach to the beam-line, the 

track was less than 1 cm from the beam-line and closer than 5 cm along the beam-line from 

the primary vertex. Track pairs have been retained for further analysis if (i) the two tracks 
have opposite charge, (ii) they are separated in (q&)-space by AR < 1.0 where AR = (Aq2 

+ A$)tn, (iii) the pair direction is within the pseudorapidity interval lql < 1.0, and (iv) the 

pair is well separated from the W or Z decay leptons (AR > 0.4). A total of 27 819 pairs 

pass these cuts. The expected number of Higgs bosons surviving these cuts is shown in 

Table 2. 

The majority of high-m track pairs in W and Z events are expected to be associated 

with jets. Pairs from this source will not in general be isolated. To reject this background 
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we require the pair to be isolated in a cone in (q&)-space centered on the pair direction and 

with radius AR = 0.6, chosen to be matched in size with typical jets produced in W and Z 

events. The pair was required to be isolated in (a) the CTC and (b) the calorimeter: 

(a) The scalar sum of the transverse momenta of any additional cracks inside the 

isolation cone was required to be less than 1.2 GeV/c. 

(b) The total E& deposited inside the isolation cone was required to be less than 3.2 

GeV after subtracting the energies associated with the two uacks. The subtraction was 

made by extrapolating the two tracks to the EM and hadronic calorimeters, constructing 

subcones about the track impact positions, and excluding any energy deposited within the 

subcones. The radius of the subcones has been chosen so that the energy leaking outside of 

them from the showers associated with the tracks is negligible (AR = 0.1 in the EM 

calorimeter and AR = 0.3 in the hadronic calorimeter). 

After these isolation cuts have been applied 7973 pairs remain. The isolation cuts 

were chosen to correspond to signal losses of approximately 20% and 5% for the CTC and 

calorimeter requirements respectively. This choice of isolation cuts maximizes the rejection 

against background whilst keeping the losses and associated uncertainties small. These 
losses were calculated by randomly generating isolation cones in W events uniformly in q 

and o. Using this method, the losses due to the CTC and calorimeter isolation requirements 

were found to be 19.4 + 0.4% and 5.0 f 0.2 + 0.2% respectively, where the second 

uncertainty on the loss due to the calorimeter isolation requirement reflects the systematic 

uncertainty on the distribution of pair-tracks within the isolation cone. 

In Fig. 2 the transverse momentum of the positive versus negative tracks (&versus 
&) is shown for the isolated track-pairs that survive the cuts. There is a large accumulation 

of pairs with small values of &and p+. To further reduce the background we exploit the 

relatively hard pr distribution and flat angular distribution expected for tracks coming from 

Higgs boson decay. We require that : 

8 E Y/(&Z + (pi)2 > 5 GeV/c, and 

lcos 01 < 0.9 

where 0 is the angle of the outgoing tracks with respect to the pair direction in the pair 

rest-frame, and the pair uacks have been assigned the pion mass. We are left with 56 pairs 

that satisfy these requirements. The pair-mass distribution is shown in Fig. 3. There are 

no obvious resonant enhancements. The pair-mass resolution has been evaluated from the 
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track covariance matrices. The method has been calibrated using a sample of J/v decays. 

Contributions to the mass resolution from the uncertainties on the measured pair opening 

angle and uack curvatures were studied separately. The average pair-mass resolution for 
the pairs in Fig. 3 is 6.9 MeV/& Studies [4] of Ki -+ X+X , J/v --f t.t+t.t-, and Y(1.S) --f 

/Pp. decays indicate that the systematic uncertainty on the absolute pair-mass scale 8m/m 

< 0.2%. 

We consider separately the mass intervals: 

a) 2mu < ma < 2m,: There are no pairs in this mass interval. More than 7 Higgs bosons 

would be expected to survive our selection. We therefore exclude a Higgs boson in this 

region at greater than 95% CL. 

b) 2m, < mu < 2mK: Assigning the pair tracks the pion mass, there are 18 pairs with masses 

in this interval. Only two of these pairs are consistent with an isolated tt+p- assignment to 

the tracks; the remaining 16 pairs deposit too much energy in the calorimeters to be 

consistent with this hypothesis. The two ambiguous pairs have n+x- masses of 464 zb 11 

and 837 + 7 MeV/cZ (Fig. 3). If re-assigned the t.t+k- hypothesis the pair masses become 

425 + 12 and 786 * 7 MeV/carespectively. The limits on Higgs boson production 

described in the following are not significantly affected by this change. 

c) mH > 2mx: In this mass region we must consider p+p-, X+X-, and K+K- assignments to 

the tracks. There are 28 pairs that have either a p+tt-, x+x-, or K+K- mass in the interval 

2mx < ma < 2mp. Given the uncertainties in the uack assignments, and in the expected 

Higgs boson branching fractions, the background level is too high to exclude a Higgs 

boson in this mass region. 

The 90% and 95% C.L. upper limits on the number of Higgs bosons contributing 

to the selected pair sample are shown as a function of ma in Fig. 4. For each mH the limit 

has been obtained by using the method of maximum likelihood [7] to fit the observed pair 

mass distribution to a Higgs boson peak superimposed on a flat background. The tit takes 

into account the mass and mass resolution for each observed pair. The mass resolution has 

been degraded by 20% to take account of the systematic uncertainty. This increase 

broadens the peaks in Fig. 4 but does not appreciably change their height. The fit has been 

made using the method described in ref. [8] to impose the constraint that the number of 

Higgs bosons is non-negative. The fit results are insensitive to reasonable changes in the 

assumed background shape. More than 5.3 pairs associated with Higgs boson production 

is excluded everywhere at greater than 90% C.L. except in the neighborhood of 832 
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MeV/cz where there is a small accumulation of events which is consistent with statistical 

fluctuations of the flat background distribution. 

To evaluate the fraction of W and 2 bosons produced in association with a Higgs 

boson we have modified version 4.9 of the PYTHL4 Monte Carlo [9] to include the weak 

matrix elements for the processes shown in Fig. 1, setting mw = 80 GeV/c2, mz = 91 

GeV/ca, sin2& = 0.227, and using the EHLQl structure functions [lo] with A = 0.2 GeV 

and 42 = mw2. This Monte Carlo, together with a full simulation of the CDF detector, has 

also been used to evaluate the number of Higgs bosons expected to survive our selection 

requirements. The results are summarized in Table 2. More than 6 Higgs bosons are 

expected to survive our cuts in the mass region of interest. The systematic uncertainties on 

this prediction are: 

(i) Number of W and Z events: The predicted number of Higgs bosons is computed 

from the number of W and Z events in the data samples and the predicted fraction of W and 

Z events containing a Higgs boson. The uncertainty on the number of W and Z decays in 

the data samples after background subtraction is + 1.3% (Table 1). - 

(ii) Fraction of W and Z bosons with associated Higgs boson production: Higher 

order weak corrections to the diagrams shown in Fig. 1 are expected to be negligible. We 

have varied the W and Z masses, and sit&&,, in the Monte Carlo within one standard 

deviation of the world average values, and found that the predicted fraction f of W and Z 
events containing a Higgs boson changes by no more than Af/f = f 0.016. 

(iii) Riggs boson decay branching fractions: In the mass interval 2m, < mu C 2mK 

the Higgs boson will decay into p+p-, rt+tt-, or a?#. The expected branching fraction into 

the pion modes calculated in Ref. [2] is typically 0.7 in this mass interval. This predicted 

branching fraction may increase by about 20% when lowest order QCD corrections are 

included [ll]. To avoid model dependence in our limits, we make the most pessimistic 

assumption, namely that the Higgs boson decays exclusively into the pion decay modes, in 
which case one-third [2] of the Higgs boson decays will be lost in the n!rtc mode. 

(iv) Isolation: We add in quadrature the statistical uncertainties on the loss of 

isolated track pairs due to the CTC and calorimeter isolation criteria. The result is added 

linearly to the systematic uncertainty on the loss due to the calorimeter isolation 

requirement. The overall uncertainty is f 0.6%. 

(v) Track reconstruction: ‘Ibe CTC track reconstruction efficiency for isolated high- 

m tracks at large angle is close to 100%. We have allowed a 1% loss of tracks due to 
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reconstruction problems. 

(vi) Higgs-boson-p, (py) distribution and structure functions: We have checked that 

PYTHIA gives a good description of the observed pr distribution for inclusive W 

production. To evaluate the systematic uncertainty on the predictions due to the uncertainty 

on the 8 distribution we have reduced the component of I$! in PYTHIA associated with the 

incoming annihilating partons (after gluon radiation) by 20% , and found that the number 

of Higgs bosons predicted to survive our cuts decreases by no more than 3%. We assign a 

systematic uncertainty of 23% to our predicted Higgs boson rate due to the uncertainty on 
the $ distribution. We have also used alternative structure functions (EHLQ2 [lo], DO1 

[12], and DO2 [12]). In all cases the predicted Higgs boson rate is consistent within + 

1.8% with the EHLQl prediction. 

To take account of all of these uncertainties we have reduced our predicted Higgs 

boson rate by one systematic standard deviation (asYs = 3.7%), calculated by combining all 

of the above components in quadrature. The resulting theoretical floor is shown in Table 2 

as a function of mn, and compared in Fig. 4 with our experimental upper limit on the 

number of Higgs boson pairs in the data. 

We have made the first search for a Higgs boson produced in association with a real 

or nearly real Intermediate Vector Boson. A light Standard Model Higgs boson is excluded 
at 95% C.L. in the region 25 < mn < 2m ,n and at 90% C.L. in the region 2m, < mn < 

2mx except in the neighborhood of 832 MeV/cz (k 14 MeV/c2) where there is a small 

accumulation of events, consistent with statistical fluctuations. In this region a Higgs boson 

signal can neither be claimed nor excluded. Over most of the mass interval a light Standard 

Model Higgs boson is also excluded at 95% C.L. There have been a number of previous 
searches for light Higgs bosons produced in pion, kaon, TV’, B meson, and upsilon decays 

(see for example Ref. [13]). However, in the mass region 2m, < mn < 2mx these previous 

results have required that the branching ratio for the Higgs boson to decay into ~.r+ll- be 

significant. Our result is independent of this assumption [14]. 

This work would not have been possible without the skill and hard work of the 

Accelerator Division of Fermilab. We thank the staffs of our institutions for their many 

contributions to the experiment. We also thank Keith Ellis for help with the calculation of 

Fig. 1. This work was supported by the U.S. Department of Energy, the National Science 

Foundation, the Istituto Nazionale di Fisica Nucleare, the Minisay of Science, Culture, and 

Education of Japan, and the A.P. Sloan Foundation. 
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Table 1: W and 2 data samples, luminosity, and estimated non-Intermediate-Vector- 

Boson associated backgrounds. 

Sample jL.dt (pb-t) Events Background 

W+ev(ItII<l.l) 4.4 3002 105560 

W + ev (Iql > 1.1) 3.6 982 61+26 

w+p 4.4 1438 32*32 

2 + e+e- 4.4 320 10+6 

z + v+g- 4.4 160 5f3 

Table 2: Predicted number of Higgs bosons surviving the selection criteria as a 

function of Higgs boson mass. The predictions are normalized to the total number of W 

and Z bosons in the CDF data samples. The predicted number of Higgs bosons surviving 

all cuts are given in the last three lines, which correspond to (i) the best estimate using the 

branching ratios of ref. [2], (ii) the best estimate reduced by one systematic standard 

deviation (see text), and (iii) further reduced to correspond to the most pessimistic scenario 

in which the Higgs boson decays only to the pion modes. 

“k (MeV/c2) 

Requirements 250 300 500 700 900 

Before cuts 58.2 58.2 56.6 55.5 53.7 

H + (X+X- or p+p-) 58.2 46.6 44.3 42.2 39.6 

lqmac'J < 1.2 39.5 31.3 28.4 26.4 24.1 

fi > 0.5 GeV/c 34.3 27.0 22.6 20.5 19.0 

Iqp& < 1.0 30.1 23.9 20.5 19.0 17.6 

AR < 1.0 30.0 23.7 20.1 18.3 16.4 

AR(lepton,pair) > 0.4 28.2 22.3 18.8 17.2 15.3 

& > 5 GeV/c 11.5 9.3 9.5 9.0 8.4 

lcos 81 < 0.9 9.7 8.0 8.4 8.3 8.0 

i) Isolation & tracking 7.3 6.1 6.3 6.3 6.1 

ii) Reduce by 1 osYs 7 .O 5.9 6.1 6.0 5.8 

iii) Floor 7.0 4.9 5.2 5.3 5.2 
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Figure Captions 

Fig 1: Lowest order diagrams describing Intermediate Vector Boson plus associated 

Higgs boson production in proton-antiproton collisions. 

Fig. 2: Transverse momentnm of positive versus negative tracks in isolated track-pairs in 

W and Z events. The curve indicates the cut described in the text. 

Fig. 3: Isolated pair mass-disaibution. The tracks have been assigned the pion mass. The 

masses of those pairs which are also consistent with the p+p- hypothesis are 

indicated by the hatching. The curves show the total number of Higgs bosons 

expected [2] to survive our cuts (solid curve) and the floor (dashed curve, see 

Table 2) as a function of the Higgs boson mass. 

Fig. 4: Theoretical lower limit on the predicted number of Higgs bosons surviving our 

selection criteria shown as a function of pair mass and compared with the 90% 

and 95% upper confidence limits on narrow resonance production of track-pairs 

in the selected samples. 
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